Abstract The transforming growth factor beta (TGF-b) pathway can play either a tumor-suppressing or a tumorpromoting role in human breast carcinogenesis. In order to determine whether expression of TGF-b signaling factors varies by age at onset and breast tumor characteristics that have prognostic significance, we undertook a study of 623 women with invasive breast carcinoma enrolled in a population-based case-control study conducted in Poland from 2000 to 2003. TGF-b signaling factors were analyzed by immunohistochemistry in tumor tissue microarrays. We found that most tumors expressed extracellular-TGF-b1 (78%), TGF-b2 (91%), TGF-b3 (93%), TGF-bR2 (72%), and phospho-SMAD2 (61%), whereas intracellular-TGFb1 was expressed in 32% of tumors. Expression of TGF-b ligands (b1, b2, and b3) was associated with prognostically favorable pathological features including small size, and low grade, and these associations were similar for ERpositive and negative tumors. On the contrary, expression of the receptor TGF-bR2 was primarily associated with small tumor size among ER-negative tumors, while expression of the transcription factor phospho-SMAD2 was associated with positive nodal status among ER-negative tumors. The greater frequency of expression of phospho-SMAD2 in cancers associated with lymph node metastases is consistent with a pro-progression role for TGF-b. In addition, expression of extracellular-TGF-b1 (P = 0.005), TGF-bR2 (P = 8.2E-11), and phospho-SMAD2 (P = 1.3E-8) was strongly associated with earlier age at onset, independent of ER status. Our data provide evidence that TGF-b signaling patterns vary by age and pathologic features of prognostic significance including ER expression. These results warrant analysis in studies of clinical outcomes accounting for age, ER status and treatment.
Introduction
The transforming growth factor beta (TGF-b) pathway plays an important role in human breast development and carcinogenesis. The TGF-b pathway regulates essential Electronic supplementary material The online version of this article (doi:10.1007/s10549-009-0590-z) contains supplementary material, which is available to authorized users. cellular activities including differentiation, proliferation, and apoptosis [1] [2] [3] . In the canonical signaling pathway, the effects of the three TGF-b ligands (TGF-b1, b2, b3) are mediated via binding to the TGF-b type II receptor (TGFbR2), which in turn binds TGF-b type I receptor (TGFbR1) to form a complex with serine/threonine kinase activity. This complex phosphorylates transcription factors SMAD2 and SMAD3, which translocate into the nucleus and activate transcription of numerous genes producing pleiotropic effects [3] . TGF-bs are synthesized as biologically latent forms that show complex patterns of posttranslational regulation of bioavailability through binding to extracellular matrix components and other proteins that can modulate bioavailability [4] .
Clinical and pre-clinical data support the concept that TGF-b signaling plays a dual role in cancer progression; activation of the TGF-b pathway in pre-neoplasia and early neoplasia has been associated with a reduced risk of progression, whereas in late-stage human cancers, overexpression of TGF-b ligands has been associated with an aggressive tumor phenotype and metastasis [5, 6] . Tumor suppressing effects of the TGF-b pathway are likely due to anti-proliferative and pro-apoptotic or pro-differentiating effects of TGF-b and the ability of TGF-b to maintain genomic stability. The tumor promoting effects of TGF-b are attributed to its ability to increase tumor cell migration and invasion, and to suppress immune surveillance and enhance angiogenesis [1, 2] .
Clinical evidence for a tumor suppressor effect of TGFb signaling in breast cancer is provided by data showing that the reduced expression of TGF-bR2 in breast epithelial hyperplasia is related to an increased risk for subsequent breast cancer [7] , and that the reduced TGF-bR2 expression in ductal carcinomas in situ and invasive breast cancers is associated with a more aggressive histology and higher tumor grade [8] . In contrast, in other studies, ERnegative tumors, but not ER-positive tumors that express TGF-bR2 or demonstrate a TGF-b response transcript signature, have been associated with reduced overall survival [9] and increased lung metastasis [10] , supporting a pro-progression role for the TGF-b pathway, at least in a subset of breast cancers.
Given that ER-negative tumors are more common among younger women, and that early onset tumors tend to have a worse prognosis than similar tumors occurring at older ages, it is plausible that altered TGF-b signaling might identify an etiologically distinctive subset of early onset clinically aggressive cancers [11] . However, analyses of this question have been limited by small sample sizes and examination of only a few components of the TGF-b pathway. Accordingly, to determine whether expression of TGF-b pathway components varies by breast tumor characteristics or age at diagnosis, we analyzed associations for a panel of TGF-b signaling factors among 623 invasive breast carcinomas from a population-based case-control study conducted in Poland.
Materials and methods

Study population
The Polish population-based case-control study has been described previously [12] . In brief, eligible cases included female residents of Warsaw or Łódź, Poland in the age range of 20-74 years diagnosed with pathologically confirmed in situ or invasive breast cancer from 2000 to 2003. Eligible cases were identified either through a rapid ascertainment mechanism in participating hospitals (*90%) or cancer registries. Control women were randomly selected from population lists and frequency matched to breast cancer cases by the city of their residence and age (5-year intervals). In total, 2,386 cases (79% of eligible) and 2,502 control subjects (69% of eligible) participated in the study and provided informed consent as required by internal review boards at the National Cancer Institute and in Poland. Detailed demographic and risk factor data were collected through in-person interviews as previously described [12] .
Pathology
Surgical pathology reports were used to acquire information on tumor size, histologic type, grade, and stage. Selected histologic slides were reviewed by a single pathologist in the U.S. (MES). Ninety percent of the cases were diagnosed as invasive. In this article, we analyze data for a subset of 842 invasive carcinomas prepared as tumor tissue microarrays (TMAs) [13, 14] . TMAs were prepared in the U.S. from 842 formalin-fixed paraffin-embedded tumor tissues processed in Poland according to local protocols [12] [13] [14] . As previously reported, tumors included in the TMA were slightly larger than those in the study overall [14] . Sections of TMA blocks were cut at 5-lm thickness and placed on glass slides using a tape transfer method (Instrumedics, Hackensack, NJ). Cut sections were dipped in paraffin and stored at room temperature under gaseous nitrogen to limit loss of immunoreactivity prior to staining [13] . Results for ER, progesterone receptor (PR), human epidermal growth factor receptor 2 (HER2), epidermal growth factor receptor (EGFR), and other markers have been previously reported [14] .
Immunohistochemistry and marker assessment TMA sections were deparaffinized, and staining was performed using the i6000 Automated Staining System with research software (BioGenex, San Ramon, CA). Sections were treated with 6% hydrogen peroxide for 10 min to quench endogenous peroxidase activity, and nonspecific protein binding was blocked for 1 h with a solution containing 1% BSA and 5% goat serum. Sections for TGF-b ligand staining were also pretreated for 30 min with 1 mg/ml bovine testicular hyaluronidase (Sigma, Saint Louis, MO). Different anti-TGF-b1 antibodies show different staining patterns [15] which likely correspond to different TGF-b1 complexes. In order to account for this complexity, we employed two widely used anti-TGF-b1 antibodies, one of which recognizes an intracellular form of TGF-b1 and the other an extracellular form [15] . We evaluated immunohistochemical (IHC) expression of six components of the TGF-b signaling pathway [intracellular-TGF-b 1, extracellular-TGF-b1, TGF-b2, TGF-b3, TGF-bR2, and phosphorylated-SMAD2 (phospho-SMAD2)].
The entire staining was performed using primary rabbit polyclonal IgG antibodies which were applied for 2 h at room temperature. Antibodies recognizing intracellular (LC 1-30-1) and extracellular (CC 1-30-1) TGF-b1 (applied at 5 and 0.25 ug/ml, respectively) and TGF-b3 (MPS 50-60-3) (applied at 1 ug/ml) were prepared and used as described previously [15] . While CC 1-30-1 primarily picks up extracellular-TGF-b1, there is some slight cross-reactivity with TGF-b3 on Western blots [16] . All the other TGF-b antibodies are fully isoform specific. Affinity purified anti-TGF-b2 (catalog no.sc-90) and anti-TGF-bR2 (catalog no. sc-220), were obtained from Santa Cruz Biotechnology Inc. (Santa Cruz, CA) and were used at 2.7 and 1 ug/ml, respectively. The phospho-SMAD2 antibody, directed against the C-terminal phosphorylation sites, was used at a concentration of 1 lg/ml (Millipore, Billerica, MA). Antigen-antibody complexes were detected using the Vectastain Elite rabbit ABC peroxidase kit (Vector Labs, Burlingame, CA) according to the manufacturer's instructions. After 30 min of incubation with the biotinylated secondary antibody followed by a 30-min incubation with ABC reagent, a 5-min reaction with diaminobenzidine/H 2 O 2 was used to detect bound peroxidase. Sections were counterstained with Carazzi's hematoxylin. Slides were subsequently scanned using Aperio scanscope T2, and images were scored using AperioTMALab software version 8.2.1.1265.
Three pathologists independently scored two of the six stains. Intracellular-TGF-b1 was a cytoplasmic mostly epithelial stain with some stromal and inflammatory cell staining; extracellular-TGF-b1 was a mostly stromal stain; TGF-b2 and TGF-b3 were cytoplasmic epithelial stains; TGF-bR2 was a cytoplasmic and membranous stain; and phospho-SMAD2 was mostly a nuclear epithelial stain. Stains for extracellular-TGF-b1, TGF-bR2, and phospho-SMAD2 were scored as negative, equivocal, weakly positive, or strongly positive; intracellular-TGF-b1, TGF-b2, and TGF-b3 were scored as negative, equivocal, or positive. For all analyses except correlations, scores were dichotomized as negative (including equivocal) and positive (including weak and strong staining). For quality control purposes, 40 randomly selected spots were re-examined by the pathologists. Intra-observer agreement for all stains was satisfactory (weighted kappa C75%). Sixhundred and twenty-three cases (74%) of the 842 in TMA, had expression data for all six of the TGF-b markers; 83 (10%) cases had expression data for five TGF-b markers; 18 (2%) had expression data for four; 25 (3%) had expression data for three; 13 (1%) had expression data for two; 47 (6%) had expression data for one; and 33 (4%) had expression data for none of the TGF-b markers of interest.
Statistical analysis
For tumors with two cores, we determined the maximum and average scores. Results for average and maximum scores showed similar patterns; we present results for maximum values to avoid redundancy. For tumors with a single satisfactory core, this result was used. Distributions of protein expression for each TGF-b marker were assessed among cases by tumor characteristics including size (B2 cm, and [2 cm), histologic type (ductal, lobular), and grade (well, moderately, and poorly differentiated). Results were related to staining intensity (0 = negative, 1 = weak, 2 = intermediate, and 3 = strong) and percentage of cells stained (0-100%) for ER, PR, HER2, and EGFR as previously reported [14] . ER and PR were classified as positive if the product of intensity and percentage was [10. We classified tumors as HER2-positive if intermediate or strong staining was identified in at least 20% of tumor cells, while tumors positive for EGFR were considered positive if any tumor cells were stained positive, as previously reported [14] . Further analyses with a more stringent definition of HER2 were performed, but did not change interpretation of results. Comparisons across strata were assessed by v 2 . We assessed correlation between TGF-b markers and ER, PR, and HER2 markers using the Spearman rank correlation test. In order to evaluate which of several correlated tumor features were the most important in determining TGF-b IHC associations, we fitted logistic regression models with the TGF-b IHC expression as the outcome variable, and other tumor features as explanatory variables.
Associations between TGF-b IHC and age at diagnosis were assessed by comparing the percentage of positive tumors across age categories using a chi-squared or fisher's exact test (when any cells had less then 5 counts), and a t test comparing the mean age for positive and negative tumors. Unless otherwise specified, statistical analyses were performed with STATA Version 9.1, Special Edition (STATA Corporation, College Station, Texas).
In order to estimate the age-incidence rates by ER and TGF-beta markers, the number of incident breast cancer cases in the female populations of Warsaw and Łodz 0 was estimated for each of ten 5-year age groups (25-29 to 70-74) as the total cases participating in the study divided by participation rate (number of participants divided by number of eligible women). We made use of ten 5-year age groups (25-29, 30-34, …70-74) and plotted age-specific incidence rates on log Y and linear X scales such that a slope of 10 degrees approximated a change in rates of 1% per year of age [17] . Poisson regression models were used for examining the impact of biomarker expression, such as SMAD2-positive versus SMAD2-negative, on age-specific incidence rates, as previously described [18] . Under the null hypothesis of no difference in age-related effects with tumor marker expression, the age-specific incidence rate curves for positive and/or negative expression would be parallel on the log scale.
Results
Characteristics of cases
The median age of cases in this analysis was 54 years with 67% being postmenopausal at diagnosis, a proportion similar to that of the entire study population (data not shown). Compared with tumors not included in this study, tumors included in this analysis were modestly larger (50% of tumors evaluated measured [2 cm compared with 41% of those not analyzed; P \ 0.001) and were more frequently associated with axillary lymph node metastases (44% of tumors analyzed compared with 34% of those not included; P \ 0.001) (data not shown). The distributions of histologic type, grade, and ER, PR, HER2, and EGFR status for tumors in this analysis resembled those of the full study (data not shown [14] ). In our study population, we had 197 (32%) cases that were ER-negative and 425 (68%) cases that were ER-positive ( Table 1) .
Expression of TGF-b pathway by pathologic features and expression of other markers
Staining images from the six tumor markers from one representative TMA tumor core are presented in Supplemental Fig. 1 . Most tumors were positive for extracellular-TGF-b1 (78%), TGF-b2 (91%), TGF-b3 (93%), and TGFbR2 (72%), whereas expression of intracellular-TGF-b1 was detected in 32% and phospho-SMAD2 in 61% of cases ( Table 2) . As expected, expression of ER and PR were directly correlated with each other and inversely with HER2 and EGFR (Supplemental Table 1 ). The TGF-b markers were significantly correlated with each other, while extracellular-TGF-b1 and TGF-b3 were positively correlated with ER (P value = 0.0316 and 0.0118, respectively), and extracellular-TGF-b1 and TGF-b2 were positively correlated with PR (P = 0.0088 and 0.0413, respectively). In particular, extracellular-TGF-b1 and TGFb2 were highly correlated with phospho-SMAD2, suggesting that at least some of the TGF-b detected in this study is bioactive and eliciting a downstream signaling response in the tumor parenchyma. None of the other TGFbeta markers was significantly correlated with ER, PR, HER2 or EGFR expression, except for intracellular-TGFb1 and TGF-bR2 with EGFR (Supplemental Table 1 ).
In univariate analyses, expression of TGF-b ligands was variably associated with several correlated features of good prognosis, including: tumor size B2 cm (TGF-b2 and TGF-b3); lobular histology (extracellular-TGF-b1 and TGF-b2); well or moderate differentiation (extracellular-TGF-b1, TGF-b2, and TGF-b3); and ER-positive and/or PR-positive status (extracellular-TGF-b1 and TGF-b2). TGF-bR2 was associated with smaller tumors and phospho-SMAD2 was significantly associated with positive nodal status. Although many of these relationships were statistically significant, the magnitude of differences between compared groups was generally small.
TGF-b marker expression by age at diagnosis
Intracellular-TGF-b1-positive tumors were associated with older age (Table 3 , P = 0.06). In contrast, expression of extracellular-TGF-b1, TGF-bR2, and phospho-SMAD2 was strongly associated with early age at onset (P = 0.005, 8.2E-11, and 1.3E-8, respectively). The decline in the frequency of TGF-bR2-positive tumors with age was monotonic with 88% of tumors scored as positive among women younger than 40 years as compared to 50% of tumors among women 70 years or older (Table 3) . A similar trend was identified for phospho-SMAD2; 84% of tumors among women less than 40 were positive compared to 58% of tumors among women 70 years and older ( Table 3 ). As would be expected, the three markers that showed decreased expression among older cases were also significantly less frequently expressed among post-versus premenopausal women (data not shown). Stratified analyses showed fairly similar associations for ER-negative and ER-positive cancers, although that significant associations between TGF-bR2 expression and small tumor size (P = 0.002) and between phospho-SMAD2 expression and positive node status (P = 0.03) were restricted to ERnegative tumors (Supplemental Tables 2 and 3 ). In order to identify pathologic features that are independently associated with expression of TGF-b markers, we analyzed logistic regression models, adjusting for age, histologic type, grade, tumor size, nodal status, and ER status. These models revealed intracellular-TGF-b1-positive tumors were associated only with older age (P = 0.03) while extracellular-TGF-b1-positive tumors were significantly associated with ER-positive tumors (P = 0.04) and younger age (P = 0.003). TGF-b2 expression was significantly related to smaller tumor size (P = 0.02). The TGF-b3 expression was significantly lower among poorly differentiated tumors compared to those that were well or moderately differentiated (P = 0.0002). The TGF-bR2 expression was associated with smaller tumors (P = 0.01) and younger age (P = 2.06 9 10 -8 ). Finally, phospho-SMAD2 expression was associated with younger age (P = 7.17 9 10 -7 ) and positive nodal status (P = 0.03) (data not shown).
Age-specific incidence rate curves for ER, extracellular-TGF-b1, TGF-bR2, and phospho-SMAD2
Age-specific incidence rates for breast cases in our population overall increased rapidly until the age of approximately 50 years, and then continued to rise at a slower rate (data not shown [19] ). Age-specific incidence rates for 1.33E-08***
Note:
Bold data denote significant P value %, percent positive tumors * P value for v2 test ** P value for Fisher's exact test *** P value for t test ER-positive tumors mirrored the overall age-specific incidence rate pattern, whereas rates for ER-negative tumors plateau around age 50 years. The age-incidence patterns demonstrated significant age-related effects by ER expression (Fig. 1a) (P = 4.77 9 10 -3 for null hypothesis of no different age-related effects by ER expression). Similarly, phospho-SMAD2 positive and negative tumors also showed differences in age-specific incidence rates (Fig. 1b , P = 1.37 9 10 -11 ). Differences in age-specific rates by phospho-SMAD2 status were similar for ER-positive and ER-negative tumors (Fig. 1c, ). Age-specific incidence rate patterns for extracellular-TGF-b1-positive and TGF-bR2-positive tumors were similar to phospho-SMAD2-positive cancers (data not shown).
Discussion
Our analysis of data from a large population-based casecontrol study provides evidence that TGF-b signaling patterns vary by age and pathologic features, including ER status. A key strength of this study was the simultaneous analysis of multiple markers on this complex signaling pathway in a relatively large number of tumors. Although several of the TGF-b pathway members that we analyzed were expressed by a high percentage of tumors, as previously suggested [8, 9, [20] [21] [22] [23] , we, nonetheless, found significant heterogeneity in the relationships between expression of individual markers and the clinical and pathological features of cases as well as age.
We identified contrasting relationships with pathologic features, although these disparities were generally small. Extracellular-TGF-b1 expression was associated with ERpositive status, consistent with previous reports [24, 25] despite differences in the TGF-b1 assays employed (including enzyme-linked immunosorbent assays). However, we did not confirm the prior finding that TGF-b1 expression is more frequent in tumors with lymph node metastases although the percentage of extracellular-TGFb1-positive tumors was similar to the previous report [24] . We found extracellular-TGF-b1, TGF-b2, TGF-b3, and TGF-bR2 were generally associated with several favorable prognostic features. TGF-b2 expression was associated with small tumor size, low grade, and expression of PR as suggested previously [26] . Similar to prior reports, TGF-b2 Fig. 1 Age-specific incidence rates for phospho-SMAD2 and ER expression among breast cancer cases in Poland. * Under the null hypothesis of no agerelated effects by tumor marker, the age-specific incidence rate curves for positive and/or negative expression would be parallel on the log scale. Ageincidence rates and 95% confidence intervals are presented for: a ER-positive and negative tumors; b phospho-SMAD2 positive and negative tumors; c phospho-SMAD2 positive and negative tumors among ER-positive tumors only; and d phospho-SMAD2 positive and negative tumors among ER-negative tumors only was more strongly associated with lobular histology. TGFb3 was also associated with several good prognostic features including small tumor size, low grade, and expression of ER-positive tumors. TGF-bR2 was associated with smaller tumors; however, this relationship was restricted to ER-negative tumors. In contrast, expression of phospho-SMAD2 was related to a higher frequency of lymph node metastasis among ER-negative tumors only. This last observation is consistent with previous observations that TGF-b pathway signaling is related to adverse clinical behavior among ER-negative tumors only [9, 10] . The expression of TGF-b1, TGF-b2, and TGF-b3 was associated with ER-positive tumors showing less aggressive pathologic features with regard to size and grade, perhaps reflecting a prior effect to retard tumor development prior to clinical presentation. The heterogeneity of these associations provide evidence for multiple, complex biologic effects, and the modification of these relationships by ER status, supporting the view that the effects of TGF-b are interdependent on other tumor characteristics.
The frequency of expression of extracellular-TGFb1, TGF-bR2 and phospho-SMAD2 was significantly higher among younger or premenopausal women compared to older or postmenopausal patients. The heterogeneity in expression of these three markers by age is a novel finding from this study and remained strongly significant after adjustment for other important tumor features. These findings are supported by a prior report that used enzymeimmunoassay to measure TGF-b1 in human breast tumors, where higher values were seen among premenopausal compared to postmenopausal women [21] . Consequent to these expression patterns, the age-specific incidence rate patterns for the positive expression of three TGF-b markers (extracellular-TGF-b1, TGF-bR2, and phospho-SMAD2) showed significant age-related differences that were independent of ER status. The age-related effects that we observed with phospho-SMAD2 in particular, provides evidence for biological differences of TGF-b effects that are non-uniform by age and not explained by ER expression. These observations may suggest that TGF-b effects may be a contributor to the findings seen in studies that suggest ER-positive tumors among younger women have a worse prognosis and are more difficult to treat than tumors with similar pathologic features among older women [27] . The potential tumor promoting or suppressing effects of TGF-b expression by ER and at younger and older ages warrant follow-up in further studies.
Our data show that all of the markers in the TGF-b pathway, apart from intracellular-TGF-b1, generally showed strongly correlated expression. The relationship between extracellular-TGF-b1 and phospho-SMAD2 being stronger than for intracellular-TGF-b1 may suggest that the detection of the extracellular form is more relevant for pathway activation. Although SMAD2 can also be activated by other TGF-b superfamily members such as the activins [28] , the strong correlation of phospho-SMAD2 with the TGF-b ligands and TGF-bR2 suggests that the TGF-bs are important drivers of SMAD2 activation in breast cancer. Further study to confirm and extend these results would be useful and may require the application of novel assays.
Strengths of our study include its relatively large sample size, population basis, comprehensive analysis of the main components of the TGF-b pathway and detailed pathologic molecular marker data. Given that immunohistochemical detection of TGF-b does not necessarily demonstrate bioavailability, the comprehensive analysis of the pathway components including phospho-SMAD2 expression is another strength of this project. However, limitations include our inability to quantify levels of TGF-b ligands, and the inability of the current immunohistochemical methods to distinguish between biologically active and inactive forms of the ligands. In addition, although the study was population based, the tumors on TMAs tended to originate from larger tumors, thus not being totally representative of the source populations. Finally, although this is one of the largest studies performed to date evaluating the TGF-b pathway and breast cancer, all of these analyses would benefit from larger numbers and confirmation in different populations to establish generalizability.
In summary, expression of the TGF-b pathway showed striking age-specific expression patterns in invasive breast tumors, raising important questions about its potential role in age-related differences in breast cancer biology and differences by pathologic features. Further examination of these findings in studies of clinical outcomes accounting for age, ER status, and treatment are warranted.
